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Abstract
Intensive agricultural practices and use of pesticides, essential to achieve high crop 
yields, present particular risks to soil and water resources which sustain life. 
Degradation and sorption of pesticides in soils are both spatially variable and also 
among the most sensitive factors determining losses to surface water and groundwater. 
Currently, no general guidance is available on suitable approaches for dealing with 
spatial variation in pesticide degradation and sorption in catchment or regional scale 
modelling applications. 
This thesis investigated sorption and degradation of three pesticides (bentazone, 
isoproturon, and glyphosate) in the cultivated soils of an agricultural catchment in 
Sweden with the aim to develop and test simple model approaches that could support 
large-scale modelling. 
In the case of sorption, an extended partitioning model improved upon the koc
concept for all three compounds studied: inorganic sorbents dominated sorption in sub-
surface soils and their effects were only masked by organic matter in surface soils with 
organic carbon contents larger than ca.2%. Interactions between organic and inorganic 
sorbents affected glyphosate sorption, but apparently not that of bentazone or 
isoproturon. It was concluded that information on clay, fclay, iron and aluminum oxides 
and soil pH, in addition to organic carbon, foc, is needed to accurately predict pesticide 
sorption. The variables foc, fclay and pH are generally available, whereas measurements 
of oxides of Al and Fe are rarely reported. 
The degradation rate constant (k) was highly variable with coefficients of variation 
ranging between 42 and 64% for the three herbicides. This variability could be 
attributed to variations in microbial biomass and pesticide bioavailability. A simple 
modelling approach to predict k from the sorption constant, which reflects 
bioavailability, and easily measurable surrogate variables for microbial 
biomass/activity (organic carbon and clay contents) was successfully tested in a meta-
analysis of available literature data using bootstrapped partial least squares regression 
(PLSR). In conclusion, this approach shows promise as an effective way to account for 
the effects of bioavailability and microbial activity on microbial pesticide degradation 
in large-scale model applications.
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Abbreviations
CV Coefficient of variation
2,4-D 2,4-dichlorophenoxyacetic acid
DT50 Half-life of compound
k Degradation rate constant
kclay Soil clay partitioning coefficient
Kd Linear distribution coefficient
Kf Freundlich distribution coefficient
koc Soil organic carbon partitioning coefficient
LiP Lignin peroxidise
MCPA (4-Chloro-2-methylphenoxy)acetic acid
MnP Manganese peroxidase
SOC Soil organic carbon
SIR Substrate-induced respiration11
1 Introduction
Currently one billion people in the world live in chronic hunger (FAOSTAT, 
2012b; Foley et al., 2011). Intensive agricultural practices and the use of 
pesticides may alleviate this situation by increasing crop yields and food 
security, but may also present particular risks to the soil and water resources 
which sustain life. In 2010, 261 kilotonnes of herbicides, 231 kilotonnes of 
fungicides and bactericides, and 140 kilotonnes of insecticides were applied 
worldwide for agricultural purposes, the largest sector in terms of pesticide use
(FAOSTAT, 2012a). Pesticides can leach to groundwater and be transported by 
runoff during rainfall events to surface waters, such as rivers and lakes. 
Pesticides may harm aquatic ecosystems and human health, and also have the 
potential to interfere with normal bodily functions, particularly the endocrine 
system that regulates physiological functions through hormonal signals 
(McKinlay et al., 2008).
There is a growing need to identify and understand the mechanisms 
controlling the fate of pesticides which threaten non-target organisms and are a
source of contamination of water resources. When a pesticide molecule is 
applied to soil, it undergoes various complex and interacting physical, 
chemical and biological processes. Modelling is therefore a powerful approach 
to obtain a comprehensive understanding of the environmental fate of 
pesticides.
Modelling is also a cost-effective way of assessing and predicting pesticide 
behavior under field conditions for risk assessment purposes. Boesten (2000)
reported that in every west European country, more than 100 pesticides are 
registered. If their transformation products are also included this means that a 
large number of substances must be evaluated in risk assessment. Additionally, 
in each country, there is large variation in soil properties, cropping systems,
tillage systems and climate and weather conditions. Risk assessment of
pesticide leaching to surface water and groundwater would therefore be 
extremely expensive and time-consuming if based on experiments only. By using models, these problems may however be overcome (Boesten, 2000).
Pesticide leaching models used in EU risk assessment i.e. PEARL (Tiktak et
al., 2012), PELMO (Klein, 1991), PRZM (Carsel et al., 1985), PRoMPT 
(Whelan  et al., 2007) and MACRO (Jarvis, 1994), differ in some respects 
concerning water flow and pesticide transport, but they all use the same 
approaches for pesticide sorption and degradation, namely a Freundlich 
sorption isotherm and first-order degradation kinetics.
In any pesticide leaching model, the degradation rate coefficient and 
Freundlich sorption coefficient and exponent are usually considered the most 
sensitive parameters (Dubus & Brown, 2002; Bergström & Stenström, 1998)
For example, Boesten & Van der Linden (1991) demonstrated that changing 
the value of either the SHVWLFLGHVRUSWLRQFRHI¿FLHQWRUthe half-life by a factor 
of 2 will typically increase predicted pesticide leaching by a factor of 10. This 
introduces considerable uncertainty into model predictions of pesticide fate in 
soils, especially at larger scales (e.g. fields, catchments), since these parameters 
often show large spatial variability (Walker et al., 2001), the causes of which 
are quite poorly understood.
Recent EU legislation (The Water Framework Directive 2000/60/EC and 
the Directive on the Sustainable Use of Pesticides 2009/128/EC) implies the 
need for modelling tools that can be used for risk assessment and risk reduction 
at catchment scales. However, the spatial modelling tools which are available 
for this purpose (e.g. GeoPEARL (Tiktak et al., 2002), and the MACRO-SE 
tool currently being developed at Swedish University of Agricultural Sciences, 
SLU) are still in their infancy, and so far only constant values have mostly 
been assumed for degradation and sorption constants across large areas. 
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2 Aims and objectives
The general objective of this study is to improve the current understanding of 
the causes of spatial variability in pesticide sorption and degradation in soil as 
a basis for improving the reliability of predictions of pesticide losses to 
groundwater and surface water.
The specific objectives of the project were to:
1. study the factors affecting the persistence and sorption of three widely 
used herbicides (isoproturon, glyphosate, bentazone) in the dominant 
soils of a small agricultural catchment in southern Sweden (ca. 13 km
2
in size),
2. develop simple models which relate pesticide degradation to easily 
obtainable soil physical, chemical and biological parameters as support 
for spatial modelling applications,
3. develop sorption models, which are flexible enough to account for the 
influence of various soil sorbents and which might be suitable for use in 
spatial modelling applications.
These objectives are supported by the work presented in three papers. In the 
following section, I summarize the current state of knowledge about spatial 
variability in pesticide sorption and degradation followed by the modelling 
approaches developed in this study to deal with this variability in the context of 
large-scale modelling applications for prediction of pesticide fate.15
3 Spatial variation in pesticide sorption
Sorption is the term used to describe adsorption and/or absorption when an 
independent determination of the nature of the process, that is, whether it is 
adsorption or absorption, is not possible (Calvet, 1989). The kinetics of 
sorption is inextricably linked to the forces involved in the sorptive interactions
i.e. Van der Waals-London interactions, hydrophobic bonding, and charge 
transfer. In a complex matrix such as soil, a number of interactions are 
possible, and these have been discussed in detail by Pignatello & Xing (1996).
Soil sorption is characterized by a distribution coefficient that describes the 
partitioning of pesticide between solid and liquid phases. A batch or slurry 
mixing experiment is usually used to measure the distribution coefficient i.e. a
mass of soil ms (g) is mixed with a volume V (mL) of 0.01ԜMC a C l 2.A  m a s s  
mp (g) of pesticide is added to the slurry to give an initial concentration 
CiԜ=Ԝmp/V of pesticide in the liquid phase. The slurry is then mixed gently in 
order to disturb the soil structure as little as possible for a period typically from 
2 to 48Ԝh, with 24Ԝh being something of a standard (OECD, 2000). The liquid 
phase is then analyzed for the ‘equilibrium’ solution pesticide concentration 
Ce. The distribution coefficient Kd or Kf is then calculated assuming that all 
pesticide removed from the solution is sorbed by the soil. The mass of sorbed 
pesticides, historically symbolized by x, is calculated as xԜ= V(CiԜíԜCe). Then 
S= 
௫
௠ೞ is the concentration of pesticide on the solid phase (g g
í) which can be 
linearly related to the equilibrium solution concentration:
Equation 1
S= 
ݔ
݉௦
= ܭௗ × ܥ௘where Kd is the distribution coefficient (mL g
-1). The linear sorption model 
considers a constant ratio between Ce (g mL
í)a n d  S  ( g  g
í). The assumption 
of a constant ratio between S and Ce is not always valid. The Freundlich 
sorption model considers a non-linear relationship: 
Equation 2
S= 
ݔ
݉௦
= ܭ ௙ × ܥ௘
௡௙
where nf (-) is an exponent that expresses the degree of isotherm non-linearity.
Pesticide sorption isotherms in soils are usually well described by the 
Freundlich model (Coquet, 2003b). Sorption strength in different soils is often 
estimated using the koc value, which is the ratio between Kd or Kf and foc, the 
amount of organic carbon (%) in the soil (Wauchope et al., 2002):
Equation 3
݇௢௖ = ܭௗ ݋ݎ ܭ ௙ .  
100
݂ ௢௖
Pesticide sorption coefficients are highly variable in soils (Coquet, 2003b; 
Wauchope et al., 2002). For example, Coquet (2003b) found that Kf values 
ranged from 0.78 to 2.13 for atrazine, 0.61 to 1.82 for isoproturon and 0.69 and 
2.58 for metamitron across a 187-ha agricultural catchment. Sonon & Schwab 
(1995) observed CV’s of 72% for atrazine and 46% for alachlor. Gaultier et al.
(2008b) found CV of 89% for the herbicide 2,4-D [2,4-dichlorophenoxyacetic 
acid] Kd, at provincial scale in Alberta, Canada.
3.1 Pesticide sorption and soil properties
Understanding the causes of the spatial variation of pesticide sorption insoils is 
important in predicting the potential for leachingat field and catchment scales.
7KH WZR PDMRU IDFWRUV ZKLFK DUH NQRZQ WR LQÀXHQFH VRUSWLRQ DUH VRLO
properties and the inherent characteristics of the compound under 
consideration. Various soil characteristics, such as organic carbon content, clay 
content, pH, and Al/Fe oxides and hydroxides have been found to affect 
sorption of pesticides in soil (Liu et al., 2008; Weber et al., 2004; Bailey & 
White, 1964). These important factors are described in detail below.
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3.1.1 Organic carbon
Organic carbon is in general the most important soil property that affects 
pesticide sorption (Spark & Swift, 2002; Worrall et al., 1996). Many studies 
have reported a positive correlation of SOC with pesticide sorption 
(Thorstensen et al., 2001). Coquet (2003b) conducted a study at the scale of a
187 ha agricultural catchment to investigate the spatial variation of pesticide 
sorption isotherms. More than 97% of the variation of the adsorption 
distribution coefficient Kd was explained by the organic carbon content of the 
soil. Vinther et al. (2008) found positive correlations between sorption of 
glyphosate, metribuzin and triazinamin and organic carbon content. Similarly, 
Fredslund et al. (2008) reported that sorption of MCPA also correlated strongly 
with soil organic carbon content in Ap and Bs horizons. Mermoud et al. (2008)
found that organic carbon content was the key parameter positively correlated 
with sorption of dinoseb and atrazine.
Although SOC is very important, a considerable variation in koc values is 
found in the field (Gaultier et al., 2008b; Coquet, 2003b). The quality or nature 
of the organic matter may also play a key role in the sorption of pesticides 
(Spark & Swift, 2002; Ahmad et al., 2001). Ahmad et al. (2001) investigated
sorption of carbaryl and phosalone on 27 soils using NMR (Nuclear Magnetic 
Resonance) spectroscopy and found highly significant positive correlations of 
aromaticity of soil organic matter with koc values of carbaryl and phosalone. 
Grathwohl (1990) suggested that an empirical relationship exists between koc
and the elemental composition expressed as the atomic H/O ratio in natural 
organic matter. Xu et al. (2005) found that the amount of butachlor adsorbed 
on humic acids (HAs) been positively correlated with its content of carbonyls.
3.1.2 Soil pH
The pH-dependence of sorption has mainly been reported for ionizable
pesticides, including bentazone (Grey et al., 1997; Abernath & Wax, 1973)
chlorimuron (Goetz et al., 1989), chlorsulfuron, metsulfuron-methyl (Walker et
al., 1989), picloram (Nearpass, 1976) and 2,4-D (Spadotto & Hornsby, 2003).
This is explained by the different ionization states of pesticides at varying pH 
values in soil that occur for compounds that are either acids or bases. For 
example, for weak acids, the lower the soil pH, the greater the adsorption. This 
is because at low pH, less-soluble non-ionized species dominate, which more 
readily bind to the lipophilic fraction of soil organic matter than the more soluble anionic species, which are repelled by negatively charged soil colloids 
(Carrizosa et al., 2000). The increase in sorption of basic pesticides at low pH 
is attributed to an increased proportion of the protonated species. In their 
review,Wauchope et al. (2002) summarized the existence of dominant species 
of acidic or basic pesticides in the normal range of soil pH (5-8). In contrast, 
the behavior of some ionic pesticides (e.g., diquat, paraquat) is unlikely to be 
sensitive to soil pH, since they have   pKa values well outside the range that is 
relevant to the soil environment. Readers are also referred to the
comprehensive review by Kah & Brown (2006) for more details about the 
behavior of pesticides (acidic, basic and Zwitterionic compounds) in soil. 
Glyphosate  sorption  depends  on  soil pH as it determines both glyphosate  
ionization and the  surface  charge  of  soil constituents (de Jonge & de Jonge, 
1999; Mcconnell & Hossner, 1985). Glyphosate sorption decreases at
increasing pH because of increased negative charge (or lowering of positive 
sorbent charge) on sorbate and sorbent at higher pH.  For example, Gimsing et
al. (2004) found that glyphosate sorption in a Danish topsoil gradually 
decreased when pH was raised from 6 to 8. Furthermore, for ¿YH soils, sorption
was negatively correlated with pH and was the most important single factor for 
glyphosate sorption. Decreased  soil  sorption  of glyphosate at increasing  pH  
has  also  been  shown in  other  studies (Wang et al., 2005; de Jonge & de 
Jonge, 1999).
Negative relationships between soil pH and sorption have also been 
observed for some non-ionizable pesticides like isoproturon (Ertli et al., 2004).
It is suggested that in alkaline conditions the dissociation of the N–H bond of 
the isoproturon molecule leads to the development of a negative charge (Lopez
et al., 1996) which is repelled by the negatively charged soil surface. The
formation of hydrogen bonds between the O, N and H atoms of the isoproturon 
molecule and surface groups, which is typical at lower pH values, might 
explain increased sorption of isoproturon in acidic conditions.
The pH effects on sorption behavior of pesticides have been observed 
mostly by modifying the pH artificially in the laboratory.  However, with such 
experimental treatments, changes in soil characteristics other than pH can 
occur during pH adjustment which might make the interpretation of the results 
more difficult (Kah & Brown, 2006). The effects of pH on sorption have been 
less often studied in the field. In their study, Oliveira et al. (1999) observed 
two distinct patterns in the spatial distribution of imazethapyr sorption: i) areas 
in which pH > 6.25 and Kd < 1.5, where Kd variation was due primarily to pH, 
and ii) areas in which pH < 6.25 and Kd > 1.5, where other soil properties, i.e., 
SOC content, had a significant influence on Kd variation. This separation 
allowed identification of portions of the field where herbicide sorption would 
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be minimal, with a relatively higher potential for leaching (areas with Kd <
1.5), and vice versa. Thus, soil pH could be used as a basis to provide a 
rationale for site-specific pesticide applications.
3.1.3 Inorganic soil constituents
Although for most pesticides soil organic matter is the dominant sorptive 
constituent in soil (e.g., Xing et al., 1996; Weber et al., 1992) clay minerals
and oxides and hydroxides of iron and aluminium have also been proved to 
play a very important role in pesticide sorption (Li et al., 2003; Sheng et al.,
2001). Pesticide sorption by inorganic constituents depends on their surface
area, mineral groups and their surface reactivity (Sheng et al., 2001). For 
example, Borggaard & Gimsing (2008) found glyphosate sorption of 1.45–1.85
μmol m
í for aluminum and iron oxides and 0.12–0.33 μmol m
í for silicate 
clays. They attributed this difference between  the  two  mineral  groups to the 
greater availability of sorption sites on the various surfaces of aluminum and 
iron oxide minerals compared to silicate clays which only  possess  sorption  
sites  (OH groups) on octahedral layers exposed on mineral edges and not on 
the much larger surface area of planar faces. The types of saturating cations on 
the mineral or organic matter may also have a strong effect on pesticide
adsorption in soil. For example, Sprankle et al. (1975) found that Fe
3+ and  
Al
3+-saturated clays  and  organic matter adsorbed more glyphosate than Na
1+
or Ca
2+-saturated clays and organic matter.  These studies were conducted 
using pure clay minerals, such as montmorillonite, kaolinite, smectites, and 
illite (Li et al., 2003; Sheng et al., 2001; Barriuso et al., 1994), but there might 
be many differences between the properties of pure minerals and minerals 
present in natural soils. However, sorption studies conducted in natural soils
have also shown strong correlations between clay content and pesticide 
sorption. Harper (1988) found that clay content was the single best predictor of 
metribuzin adsorption. Villaverde et al. (2008) observed a strong linear 
relationship between clay content and Kd values of dicamba, metsulfuron-
methyl, 2,4-D, and ÀXS\UVXOIXURQ-methyl-sodium. Similarly,  Worrall et al.
(1996) concluded that clay mineral surfaces appeared to control adsorption of 
isoproturon at least for values of soil organic carbon content less than 27 g kg
-1.
Undisturbed soils are not simply mixtures of discrete organic and mineral 
phases, but they are organized into aggregates of organo-mineral complexes. 
Thus, the mechanisms of pesticide sorption by soil colloids could vary as a 
function of aggregate size due to differences in amount as well as the chemical 
composition of the organic matter in the aggregates (Schnitzer & Kodama, 
1992; Oades, 1988). Spadotto & Hornsby (2003) and Liu et al. (2008)suggested that the effects of clay minerals on pesticide sorption, which are
often masked by organic matter, could become significant when the fclay/foc
ratio is greater than a certain critical value (e.g fclay/foc >40-60).
3.1.4 Soil depth  
Many studies reported that as soil depth increased, the strength of sorption of 
pesticides decreased. For example, Blume et al. (2004) observed a decline in 
sorption coefficients of atrazine (Kf) from 8.17 in the surface to 3.31 in the 
vadose zone at 175-220 cm depth. Walker et al. (1999) found Freundlich 
sorption coefficients for isoproturon of 3.25 in the topsoil and 1.06 in the 
subsoil (25-50 cm), which was attributed to a decrease in soil organic carbon 
with depth. Nevertheless, inorganic soil constituents may have a strong 
influence on the sorption of many pesticides in subsoil, where organic matter 
contents are often low. For example, Coquet (2003a) found that clay content 
explained 91.1, 83.1, and 97.8% of the variation in atrazine, isoproturon and 
metamitron sorption in vadose zone profiles 12, 5 and 3 m deep respectively. 
Worrall et al. (1996) and Felding (1997) noted  that  soils  with  very  low 
organic matter content tend to give high values for apparent koc because the 
PLQHUDOSKDVHVRIWKHVRLOPDNHDVLJQL¿FDQWFRQWULEXWLRQWRWKHWRWDO
adsorption (e.g. atrazine koc from 88 L kg
í in the topsoil to more than 520 L
kg
í at 1 m depth (Felding, 1997). Charnay et al. (2005) found that atrazine Kd
for 16 subsoil samples was positively correlated to clay and silt contents, but 
no correlation was found with foc. In contrast, Kd values were strongly 
correlated to foc (r >0.98) in surface soil samples. Si et al. (2009) noted that 
subsoil at 300–425 cm depth showed the greatest adsorption of metachlor, as it
had the highest clay (mainly smectitic) content and oxalate extractable content
of aluminum and iron oxides (Si et al., 2009; Pusino et al., 1992). Similarly, 
Jacobsen et al. (2008) found for Danish soils that glyphosate sorption was 
often higher in subsoil samples compared to Ap-horizon samples, while 
Farenhorst et al. (2009) found that variation in sorption of glyphosate in soil 
profiles was predominantly controlled by variations in soil pH and clay 
content. Moeys et al. (2011) concluded that the contribution of clay minerals to 
isoproturon sorption can be dominant when foc < 6.15 g kg
-1, a value which is 
commonly found in subsoils. Vinther et al. (2008) found a strong correlation 
between the sorption coefficients of glyphosate and triazinamin and content of 
clay in the Bs horizon.
A larger variation of sorption parameters in subsoils compared to surface 
soils has been observed. For example, Vinther et al. (2008) observed that the 
sorption coeƥcients (Kd) for glyphosate, metribuzin, and triazinamin were 
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more variable in the Bs horizon of a 4-ha agricultural field than in the Ap
horizon. Similarly in another study by the same research group, Fredslund et 
al. (2008) reported 3.6 times higher CV’s of MCPA (2-methyl-4-
chlorophenoxyacetic acid) Kd values in Bs horizons compared to that in Ap
horizons. Coquet et al, (2004) found very high CV’s (197%) of koc values in 
the vadose zone. However, b\GH¿QLQJkclay as the Kd value normalized by the
clay content, the variation in adsorptLRQFRHI¿FLHQWZDVUHGXFHGWR a CV of 
62%, which was half that calculated for Kd.
Modelling sorption behavior of pesticides at the catchment scale
Measurements and modelling of the sorption behavior of three selected 
pesticides in the soils of a small agricultural catchment in Sweden are
presented in Paper III.
This study was carried out in the E21 monitoring catchment in 
Östergötland, southern Sweden. The total catchment area of 13 km
2 consists of 
95% agricultural land, with main crops of winter and spring sown cereals, 
oilseed rape, potatoes and peas. Soil samples were collected from 60 locations 
in the catchment (1 location every 20 ha) on a grid pattern at 0-20 cm, 20-45
cm and 45-70 cm depth. The physical and chemical characteristics of 16 
surface soils and 10 subsoils selected to cover the range of measured soil 
properties in the catchment are given in Tables 1 and 2 in Paper III. There was 
a relatively wide range of foc contents in the topsoil, ranging from 0.9 to 10.2 
%. Subsoil organic carbon contents were smaller, ranging from 0.7 to 1.6 % at 
20 to 45 cm depth and 0.2 to 0.8 % at 45 to 70 cm depth. Soil pH ranged from 
6.0 to 7.6 in surface soils and 5.6 to 8.0 in subsoil. The soil texture was very 
variable, with 8 of the 12 USDA texture classes represented. Ammonium-
lactate extractable phosphorus ranged from 26 to 152 mg kg
-1. The content of 
aluminum and iron oxides (Alox and Feox) ranged from 0.15 to 0.88 %, with a 
tendency for larger values in the topsoil.
Sorption of three test compounds (glyphosate, bentazone and isoproturon)
was measured according to the OECD 106 guideline (OECD, 2000) on two 
replicates. 
Freundlich parameters (Kf and  n) for bentazone, isoproturon, and 
glyphosate are presented in Tables 4 and 5 in Paper III for surface and sub-
surface soils, respectively. Figure 1A shows that bentazone Kf values generally 
decreased with soil depth. Isoproturon Kf values were smaller in all soils at 20-
45 cm than in surface samples (0-20 cm) but in soils 11 and 15 Kf values 
increased at 45-70 cm depth (Figure 1B). These two soils also had larger claycontents compared to other soils. The change in glyphosate Kf values with 
depth is shown in Figure 1C. The Kf values increased with depth, except for 
soil 5 where it increased first at 20-45 cm and then decreased again at 45-70
cm. The increase in Kf values at 20-45 and 45-70 cm depths was again more 
prominent in soils 11 and 15. Overall, the Freundlich sorption coefficients Kf
showed considerable differences between soils, with coefficients of variation 
(CV) ranging from 22 to 84 % for the three compounds. The Kf values 
increased among the pesticides in the order bentazone < isoproturon <
glyphosate and were within the range of previously reported values (Larsbo et 
al., 2009; Boivin et al., 2005b; Mamy & Barriuso, 2005; Coquet, 2003b; 
Thorstensen et al., 2001; de Jonge & de Jonge, 1999; Walker et al., 1999; 
Glass, 1987). In addition, the coefficient of variation of Kf values was higher in 
sub-surface soils than surface soils (CV’s of 84, 66 and 22% for isoproturon,
glyphosate and bentazone respectively in the subsurface). A high variability of 
apparent  koc values was also observed, which may be attributed to the 
contribution of inorganic components (Al and Fe oxides, clay minerals) to 
adsorption. This is illustrated by the strong curvilinear dependence of 
glyphosate and bentazone koc values on soil pH and foc in surface soils (Figure 
2). The contribution from these inorganic soil components was even more 
pronounced in sub-surface soils where foc was small enough so that it could not 
mask the effects of clay and Alox and Feox (Paper III).
2223
Figure 1. The dynamics of Freundlich sorption coefficients Kf values for bentazone (A), 
isoproturon (B), and glyphosate (C) in relation to soil depth.
(A)
(B)
(C)Figure 2. Relationship between koc and soil pH and foc for bentazone (A and B), and glyphosate 
(C and D) sorption measured in surface soils.  
koc has now become a widely used parameter for comparing pesticide 
binding in soil (Wauchope et al., 2002) and for modelling purposes (i.e. in risk 
assessment). However, the results (Paper III) suggest that koc would be a poor 
predictor of sorption strength in spatial modelling applications for many 
compounds, even in topsoils, as foc does not need to be very low for inorganic 
soil constituents to become significant: as illustrated in Figure 2D, a foc content 
of less than 3% causes an increase in apparent koc. It can be noted that ca. 70% 
of arable topsoils in Sweden have foc values <3% (Eriksson et al., 2010). As 
some previous studies (Liu et al., 2008; Coquet, 2003a) have also shown,
apparent koc values also increased dramatically in sub-surface soils of very low 
organic carbon content.
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There is, therefore, a need to develop alternative sorption models based on 
compound and site-specific soil properties which could reliably predict 
pesticide sorption. Mechanistic speciation and complexation models can be 
used to calculate sorption to various soil phases, but such approaches are 
complex and require too many parameters for large-scale modelling
applications, given the scarce data that is generally available from soil surveys.
A simple empirical extended partitioning model for the sorption of pesticides
was therefore proposed, which should be more suitable for spatial modelling 
applications:
Equation 4
ܭ௙ =  ൬
݌ܪ௥௘௙
݌ܪ
൰
௡
.൭෍݂ ௜
௠
௜ୀଵ
.݇௜൱
where pH is the soil pH, pHref is a reference pH of the soil, set here equal to 
7, ݂ ௜ (kg kg
-1) is the mass fraction of the sorbent i in soil, m is the number of 
sorbents considered, ki (L kg
-1) is the partitioning coefficient of the pesticide 
on the sorbent i and n is a parameter which accounts for the overall effects of 
pH on the sorption of ionic pesticides, including the influence of pH on the 
extent of dissociation of the molecule itself and also the nature of the surface 
charges on various soil constituents (Kah & Brown, 2006). For non-ionic 
pesticides, n can be set to zero.
Recent studies suggest that a simple additive model like equation (4) may 
not adequately describe the effects of different soil constituents on sorption due 
to interactions between them, especially the fact that organic matter may coat 
and therefore mask the effects of inorganic sorbents such as clay minerals and 
metal oxides (Moeys et al., 2011; Liu et al., 2008; Spadotto & Hornsby, 2003).
Equation (4) was extended to account for such interactions:
Equation 5
ܭ௙ = ൬
݌ܪ௥௘௙
݌ܪ
൰
௡
.൝݇௢௖݂ ௢௖ + ቆ
݂ ௢௖(௥௘௙)
݂ ௢௖
ቇ.෍݂ ௜
௠
௜ୀଵ
.݇௜ൡ
where m now refers to sorbents that are partially masked by organic carbon 
and ݂ ௢௖(௥௘௙) (kg kg
-1) is a reference organic carbon content, set here equal to 
0.01 kg kg
-1.The  nls function in R (Fox, 2002) was employed to estimate model 
parameters by non-linear regression, unless n was ‘a priori’ set to zero in
equation (4), when the lm function for multiple linear regression in R was used 
instead. I applied equations (4) and (5) in a ‘best subset’ regression analysis, 
testing all combinations of the three potential sorbents (foc, fclay, ݂ (஺௟೚ೣାி௘೚ೣ) ), 
with and without the inclusion of pH effects. The significance of parameter 
estimates was checked at the 5% probability level. Two performance statistics 
were employed to compare models for which all parameters were significant, 
the root mean square error (RMSE) and the bias-corrected Akaike’s 
Information Criterion (AICc) (Hurvich & Tsai, 1989; Akaike, 1974) for small 
sample sizes. Further details of model testing and development are reported in 
Paper III. Table 7 in Paper III presents the best single, two and three parameter 
models based on RMSE values, for which all parameters were significant at 
p=0.05.
Figure 3A shows a comparison of measured Kf values of isoproturon with 
those predicted using model 2 (Table 7, Paper III), which accounts for organic 
carbon and clay contents. For this model, the estimated koc value of isoproturon 
is almost 10 times larger than kclay (Table 7, Paper III). Nevertheless, the 
influence of the soil clay fraction on the sorption of isoproturon cannot be 
neglected even in the topsoil, since the ratio of clay to organic carbon content 
varies from 2.8 to 18, with a median value of 7.6 (see Table 1, Paper III). The 
fclay/foc ratio is even larger in subsoil, varying from 4.6 to 91.3, with a median 
value of 21.9 (Table 2, Paper III). Interestingly, even though isoproturon is a 
non-ionic herbicide, a three-parameter model which also includes pH effects 
(model 3) seemed even better compared to 1 and 2-parameter models, with 
smaller values of both RMSE and AICc. Boivin et al. (2005b) and Moeys et al.
(2011) also found that isoproturon sorption increased with decreasing pH for 
their datasets at small catchment and regional/continental scales respectively. 
For bentazone, Figure 3B shows a comparison of measured Kf with predictions 
using model 6 (Table 7 in paper III), which includes the effects of organic 
carbon, oxides of Al and Fe and pH. In my study the interaction term 
ቄቀ
௙೚೎(ೝ೐೑)
௙ ೚೎
ቁ.σ ݂ ௜
௠
௜ୀଵ .݇௜ቅ  was only needed to predict glyphosate sorption, 
whereas for isoproturon and bentazone, models based on equation (5) failed to 
improve on the simpler model given by equation (4). For glyphosate, several 
significant models based on various combinations of the three potential 
sorbents (viz. koc, kclay and  kox) were identified, which had rather similar 
performances. This seems reasonable as glyphosate is known to adsorb to 
organic matter, clay minerals and metal oxides (Borggaard & Gimsing, 2008).
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Table 7 only shows the best-fitting one, two and three parameter models. 
Model 9, which includes fclay and foc as well as pH, gave the best predictions 
with the smallest value of AICc. Figure 3C shows a comparison of measured 
Kf with predictions using model 9 (Table 7 in Paper III).
Figure 3. Relationship between measured and predicted Kf of (A) isoproturon with model 2
(Table 7 in Paper III), (B) bentazone with model 6 (Table 7 in Paper III) and (C) glyphosate with 
model 9 (Table 7 in Paper III).
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4 Spatial variation in pesticide degradation
Pesticide parent compounds degrade into daughter compounds or metabolites
which may or may not be toxic and, in some cases, mineralize to the original 
elements from which they were derived. Degradation of most pesticides in the 
soil is dominated by microorganisms. Standard laboratory and field studies can 
be performed to derive degradation half-lives (or DT50 values, the time 
required for 50%  of the initial amount to be degraded; (FOCUS, 2006). Under 
field conditions, degradation cannot always be separated from other processes,
such as chemical hydrolysis and  photo-degradation (Aislabie & Lloyd-Jones, 
1995), leading to pesticide dissipation. In this case, the DT50 value reflects the 
time for the overall dissipation of 50% of the initial concentration (Beulke & 
Brown, 2001). The half-life of a compound (DT50) is calculated from the 
following equation:
Equation 6
DTହ଴ =
ln  (2)
݇
where k (degradation rate constant, expressed in day
-1) is derived from the
equation of first-order kinetics:
Equation 7
ܥ୲ = ܥ଴.݁ି௞.௧
where Ct is the concentration at time t (mg kg
-1 soil) and C0 is the 
concentration at time zero (mg kg
-1 soil). Soil is a heterogeneous complex system and degradation of pesticides in 
soils is influenced by many spatially variable factors including the availability 
of SOC, nutrients, pH, salinity, soil temperature, oxygen content, soil moisture 
content, bioavailability (i.e. adsorption strength) and chemical structure and 
concentration of pesticides (Alexander, 1999; Aislabie & Lloyd-Jones, 1995).
This often leads to a highly heterogeneous spatial pattern of degradation and
large variations in measured DT50 values (Rodriguez-Cruz et al., 2008; 
Bending et al., 2006). For example, glyphosate DT50 values in a variety of 
different soil types have been reported in the range of 1.7 to 197 days 
(Sorensen et al., 2006; Giesy et al., 2000). The influence of different soil 
variables on spatial variation in pesticide degradation is discussed in detail in 
the following sections.
4.1 Soil pH
The degradation rate of several pesticides in soils has been shown to be 
correlated with soil pH. For example, Houot et al. (2000) found that soils with 
a pH over 6.5 typically showed faster degradation of atrazine than those with 
pH lower than 6.5. Rodriguez-Cruz et al. (2006) demonstrated a correlation 
between bentazone DT50 and soil pH (r=0.731, P<0.001). Bending et al. (2003)
observed that pH was a key factor controlling the degradation of isoproturon
within a field, with a pH above 7 generally showing rapid growth-linked 
degradation. Similarly, Walker et al. (2001) observed that soils showing rapid 
biodegradation of isoproturon had higher pH and more microbial biomass. In 
another study, Bending et al. (2006) showed that degradation rates of 
azoxystrobin were controlled by soil pH. As noted in section 3.1.2 above, soil
pH is also known to affect the extent to which some pesticides adsorb to soil, 
and therefore to determine the bioavailability of such pesticides to the 
degrading microbial community. For example, Bending et al. (2006) observed 
a strong correlation between azoxystrobin sorption and DT25, with degradation 
rate decreasing as sorption increased. They concluded that pH induced 
differences in pesticide bioavailability could have had a role in controlling the 
degradation rate of azoxystrobin. In contrast, some studies have shown that 
increases in soil pH can reduce degradation rates (Hultgren et al., 2002;
Walker & Thompson, 1977). In such cases, chemical hydrolysis, which is 
generally favored under acidic conditions, might be the dominant process
(Sarmah & Sabadie, 2002).
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4.2 Soil enzymes
The presence of lignolytic enzymes (manganese peroxidase, laccase, and lignin 
peroxidase) in soils is of great interest because of their roles in the 
decomposition of organic matter, in the humification process and in the 
transformation of xenobiotic compounds such as pesticides (Pizzul et al., 2009; 
Bollag, 1992). Lignolytic enzymes are non-specific, so they can 
simultaneously attack a wide range of other organic compounds, and this 
characteristic has been exploited for bioremediation purposes (Peng et al.,
2008; Steffen et al., 2003; Barr & Aust, 1994). Pizzul et al. (2009) studied the 
ability of manganese peroxidase (MnP), laccase, lignin peroxidase (LiP) and 
horseradish peroxidase (HRP) to degrade the widely used herbicide glyphosate 
and 22 other pesticides in separate in vitro assays. All the compounds were 
transformed, with degradation percentages ranging between 20 and 100%. 
Complete degradation of glyphosate was obtained with MnP and laccase. Kim
et al. (1997) showed that bentazone and its derivatives were degraded by 
laccase or peroxidase enzymes. Castillo et al. (2000) observed the degradation 
of bentazone by MnP. Most of these degradation studies have been done using 
purified enzymes but very little is known about the degradation of pesticides 
by these indigenous enzymes in soils. 
It has also been reported that the production of these enzymes by different 
fungal strains of white rot fungus is highly variable (Criquet et al., 2000; Boyle
et al., 1998; Bogan & Lamar, 1995). For example, coefficients of variation for 
phenol oxidase (e.g, laccase) and peroxidase (e.g, MnP) activities ranged from 
30% to >300% (Keeler et al., 2009; Finzi et al., 2006). This variability is due 
to differences in growth and enzyme production responses of the fungi to 
different soil and environmental factors (Keeler et al., 2009). For example, 
Jackson et al. (2009) found that peroxidase activity increased with soil organic 
matter in peat soils. A positive relationship between laccase activities and soil 
pH is often found (Sinsabaugh et al., 2008). As pH increases, laccases 
deprotonate which reduces their redox potential and increases their solubility,
both of which may enhance their reaction potential. Another factor is that soil 
enzymes are mostly immobilized on colloids and sorption of enzymes to clays 
and organic particles generally displaces their apparent pH optimum 1-2 units 
towards alkaline conditions, because soil surface pH is lower than that of the 
soil solution (Sinsabaugh, 2010). Because laccases are widely produced by soil 
fungi for varied purposes, it is arguable that the diversity of the soil enzyme 
pool and potentially its range of action may also expand with soil pH 
(Sinsabaugh et al., 2008).
                4.3 Soil texture
Soil texture can influence a range of soil environmental factors including redox 
potential and moisture content, which may also influence degradation rates 
(Rodriguez-Cruz et al., 2006; Jurado-Exposito & Walker, 1998; Vink & van 
der Zee, 1997; Allen & Walker, 1987; Walker et al., 1985). Charnay et al.
(2005) found that metribuzin mineralization rates were positively correlated to 
clay, whereas isoproturon mineralization rate was positively correlated to sand. 
Villaverde et al. (2008) observed a clear positive correlation between clay 
content and the degradation rate constant for 2,4-D, dicamba, and 
flupyrsulfuronmethyl (P < 0.01). Forouzangohar et al. (2005) found that 
atrazine and metamitron degradation rates were higher in silty clay than in
sandy loam soil. Dakhel et al. (2001) found that mineralization of amitrol was 
lower in soils with a coarse texture than in soils with a fine texture. In contrast, 
Allen & Walker (1987) and Walker et al. (1985) observed a negative 
correlation between the rate of degradation of metamitron, simazine, and 
napropamide and clay content of the soil. In these studies it was suggested that 
this might result from increased adsorption and hence reduced availability for 
degradation in heavier soils. Texture also controls the pore size distribution in 
soils and therefore influences their water relations and aeration characteristics. 
Faster degradation rates in lighter soils may be in part due to better gas 
exchange and hence improved conditions for aerobic micro-organisms (Walker
et al., 1985).
4.4 Subsoil properties
The subsoil exhibits a very different physical, chemical and biological 
environment than that of the topsoil. For example, Blume et al. (2004) found 
that the estimated half-lives of atrazine ranged from 77 to 101 days in the 
surface soil, but increased to over 900 days in subsurface soils. They attributed
this to decreased contents of nutrients (total organic carbon, N, and P) and 
microbial biomass with depth. Rodriguez-Cruz et al. (2006) showed that 
degradation rates of isoproturon, bentazone and mecoprop declined with depth 
in soil. Charnay et al. (2005) found that atrazine degradation and overall 
microbial activity decreased with depth, given that atrazine degradation 
activity was found even at a depth of 2.5 m. Di et al. (1998) showed that eight 
pesticides had widely different degradation rates in surface and subsurface 
soils. Four of the pesticides had lower degradation rates in the subsoil than in 
the surface soil, but the reverse was observed for the other four pesticides. 
They postulated that the different patterns of degradation rates with soil depth 
were probably caused by interactive effects of changes in soil microbial 
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activities and in organic matter content and thus pesticide sorption and 
bioavailability.
Degradation of pesticides in subsoil may also be highly variable 
(Rodriguez-Cruz et al., 2006; Vanderheyden et al., 1997). Vinther et al. (2008)
reported that the spatial variability in the mineralization of glyphosate was 
about five times higher in the Bs horizon than in the Ap horizon. A greater 
variability in the pesticide degradation rates found in subsoil relative to topsoil 
could be because the spatial distribution of microorganisms in subsoil is more 
variable than in topsoil (Rodriguez-Cruz et al., 2006). It is thought that the 
texture of the subsoil critically determines degradation rates, with those 
locations possessing high clay and silt contents showing lower degradation 
rates relative to sites with a higher proportion of sand (Rodriguez-Cruz et al.,
2006). This can be attributed to increased sorption and hence reduced 
availability of pesticides in heavy-textured subsoils (Walker et al., 1985).
Variability in microbial composition and community with depth in soil has 
been confirmed by using denaturing gradient gel electrophoresis (DGGE) 
analysis of 16S rDNA or 16S rRNA fragments (Bending et al., 2003; Muyzer
et al., 1993). For example, in an investigation of the dissipation of metolachlor
with soil depth, Si et al. (2009) found that microbial DNA was characterized 
by higher diversity in surface soil than deeper in the soil. In the subsoil, the 
microbial diversity remained rather constant down to the bottom of the 500 cm 
deep soil SUR¿OH.
4.5 Soil organic carbon
Soil organic carbon is a particularly important variable because it is usually a
dominant factor controlling microbial activity as well as sorption of pesticides 
and therefore the bioavailability of a pesticide for degraders (Thorstensen & 
Lode, 2001). Correlation of degradation rate with soil organic matter has been 
found for many pesticides. For example, von Gotz & Richter (1999) observed 
that soil biomass and organic carbon had the strongest positive influence on 
bentazone degradation in soil. Thorstensen & Lode (2001) observed faster 
degradation of bentazone in soils rich in organic matter. They attributed this 
enhanced degradation in organic soils to increased fungal activity. Cederlund et
al. (2007) found that the half-life of diuron was correlated strongly and 
negatively with microbial biomass estimated by substrate-induced respiration 
(SIR) (r=-0.85; p<0.05) and with the amount of organic matter measured as 
loss on ignition (r=-0.87; p<0.05).  Blume et al. (2004) observed that atrazine 
mineralization rates were strongly positively correlated to microbial biomass 
and activity and SOC. Villaverde et al. (2008) observed a clear positive correlation between SOC and degradation rate constants for 2,4-D, dicamba, 
and flupyrsulfuronmethyl (P < 0.01). Mueller et al. (1992) showed a positive 
linear correlation between a pseudo-1
st order degradation rate constant for 
fluometuron and soil organic matter content as well as soil microbial biomass.
Torstensson & Stenström (1986) showed significant positive correlations 
between basic respiration rates and degradation rates of linuron and glyphosate. 
Rodriguez-Cruz et al. (2008, 2006) observed that the DT50 of three pesticides
(bentazone, isoproturon, and mecoprop-p) was negatively correlated with 
organic matter. In apparent contrast, Charnay et al. (2005) found a positive 
correlation between metamitron half-life and SOC. In a regional-scale study 
using 114 agricultural topsoils, Gaultier et al. (2008a) observed that the mean 
2,4-D half-life in soils with more than 1% soil organic carbon (SOC) was 1.4 
times greater than the mean 2,4-D half-life in soils with less than 1% SOC. 
They attributed this to the effects of SOC on 2,4-D sorption and thus reduced 
bioavailability.
Spatial variation of pesticide degradation at the catchment scale
The literature review presented above reveals that the influence of soil
properties on pesticide degradation is rather complicated and often even
apparently contradictory. The competitive effects of SOC on degradation seem 
especially difficult to unravel. An increase in soil organic matter might 
increase biological activity in soil by providing conditions favorable to 
microbial growth (Gaultier et al., 2008a; Vinther et al., 2008; Jensen et al.,
2004; Fomsgaard & Kristensen, 1999; Walker et al., 1992; McCormick & 
Hiltbold, 1966). On the other hand, pesticide sorption in  soil, which is often
positively related to SOC (Kah et al., 2007; Boivin et al., 2005b), strongly 
reduces the bioavailability of pesticides (Kah et al., 2007; Sorensen et al.,
2006; Boivin et al., 2005a; Thorstensen & Lode, 2001; Guo et al., 2000; 
Ogram et al., 1985). In an attempt to improve our understanding of this 
complexity, degradation of the same three test compounds used in the sorption 
studies (Paper III) was studied in topsoil samples taken from the same sixteen 
locations in the E21 catchment.
Incubation experiments for each soil/pesticide combination were carried 
out on two replicate samples for 64 days using standard procedures. The data 
from the incubation study were fitted to first-order degradation kinetics using 
non-linear regression in equation (7) and degradation half-lives (DT50, days) 
were calculated using equation (6). Various indicators of microbial activity
(e.g. the lignolytic enzymes manganese peroxidase (MnP) and laccase,
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mineralization of 
14C dehydrogenation polymer (DHP) of coniferyl alcohol,
basic respiration and substrate–induced respiration (SIR), with the latter 
partitioned into CO2 production from actively growing and dormant micro-
organisms) were also measured on soil samples from the same 16 locations. 
These methods are described in detail in paper I.
The degradation rate constants for bentazone, glyphosate and isoproturon
showed considerable differences between soils with coefficients of variation 
ranging from 42 to 64% for the three compounds (Table 3, Paper I).
Degradation rate constants for bentazone were in the range 0.005–0.034 day
í
which corresponds to half-lives of 20 to 139 days. Our data are consistent with 
those (8-133 days) reported by others (Rodriguez-Cruz et al., 2006; 
Thorstensen & Lode, 2001). Degradation rate constants for isoproturon were in 
the range 0.011–0.104 day
í which corresponds to half-lives of 7–63 days. 
Again, this degree of variation is similar to that reported in the literature for 
isoproturon, with values ranging from 1.4 to 40 days (Larsbo et al., 2009;
Rodriguez-Cruz et al., 2006; Walker et al., 2001). The degradation rates of 
glyphosate (0.006–0.05 day
í, which correspond to half-lives of 14–116 days) 
are also consistent with other studies where the DT50 values in a variety of 
different soil types have been reported in the range of 1.7 to 197 days
(Sorensen et al., 2006; Giesy et al., 2000).
The results in Paper I showed that k for glyphosate and isoproturon was 
smaller for soils with high SOC. These soils also have stronger sorption (Paper 
III), which reduces the availability of the pesticide for degradation (see Figure 
4). In contrast, bentazone degradation rate was significantly positively 
correlated with SOC, SIR, and active microorganisms (r), which clearly reflect 
a strong control of microbial activity on bentazone degradation. 
To investigate and better understand these complex relationships between 
soil properties and degradation rates of pesticides, a simple multiplicative 
model was developed and tested in Paper I:
Equation 8
݇ = ݇௥௘௙.(ܤ)௠.(ܣ)௡
where  kref is a pesticide-specific reference rate coefficient which, in 
addition to the influence of variables not included in the model, should be 
related to the inherent degradability of the compound as determined by its 
molecular structure, m and n are constants, A is some measure of microbial 
activity and B is some measure of bioavailability. Six different forms of 
equation 8 were tested, combining three potential descriptors of microbial activity (laccase activity, SIR, and SOC) with two for bioavailability, Kf or the 
calculated fraction of pesticide in soil solution. Although pH could also have 
been considered, SOC was chosen as a surrogate variable for microbial 
activity, since it was strongly correlated to the microbial parameters MnP, SIR 
and r (Paper I, Table 5). Details of the model fitting procedures are reported in 
Paper I.  Several of the models fitted the data well (see Table 7, Paper I), with
R
2 values ranging up to 50% and regression co-efficients significant at p<0.1.
Figure 5 shows measured and predicted degradation rate coefficients for a 
model based on Kf and SIR (model 1 in Table 7, Paper I).
Figure 4. Relationship between the degradation rate constant k (day
-1) for glyphosate and the 
Freundlich sorption coefficient (Kf, μg
1-n mL
n g
-1).
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Figure 5. Comparison of measured degradation rate constants with those predicted using model 
1(Table 7, Paper I) Logk = -2.27Logk
ref(B)–0.89 Logk
ref(G)– 1.47Logk
ref(I)–0.50Log K
f +0.37Log 
SIR. Here subscripts B, I and G represent bentazone, isoproturon and glyphosate, respectively.
Modelling variation in pesticide degradation: a meta-analysis
Based on the findings in Paper I and a further review of the literature, the 
modelling approach was further refined and tested on larger data set collated 
from the published literature, which included a wider range of pesticides and 
soil types (Paper II). A mechanistic basis for the multiplicative model was also
derived from a consideration of Michaelis-Menten kinetics. Details of this are
presented in Paper II. In practice, measurements of enzyme activities or 
microbial biomass like those obtained in Paper I will not be available as input 
to large-scale modelling exercises. Instead, only data widely available from 
soil surveys would be useful. Several soil properties have been shown to be 
strongly correlated to measured microbial activity (e.g. basic respiration) and 
biomass (e.g. substrate-induced respiration), especially soil organic carbon 
content, pH, clay content, and total nitrogen (Wichern & Joergensen, 2009; 
Lentzsch et al., 2005; Anderson & Domsch, 1989). Other site factors such as 
land use and climate also significantly affect microbial biomass (Wichern & 
Joergensen, 2009; Lentzsch et al., 2005; Hofman et al., 2004; Emmerling & 
Udelhoven, 2002; Oberholzer et al., 1999). Although specific groups of 
microbes are generally responsible for degradation, rather than the total biomass (Bending & Rodriguez-Cruz, 2007; Aislabie & Lloyd-Jones, 1995),
significant relationships are often found between the total biomass and 
pesticide degradation, which suggests that the amount of such pesticide-
degrading microbial groups is often roughly proportional to the total biomass
(Torstensson & Stenström, 1986).
Thus, it was tested whether microbial biomass can be replaced by proxy soil 
variables in a multiplicative model of the form:
Equation 10
݇ = ݇௥௘௙ ܨ௅ ݔଵ
௡భ ݔଶ
௡మ ……ݔ௜
௡೔
where x1 ... xi are one or more proxy variables for microbial biomass (e.g. 
pH, clay and organic carbon contents) and n1 ... ni are empirical exponents. FL,
the bioavailability factor, was defined in this analysis as 1/(mg + Kd)w h e r e  m g
is the gravimetric water content. As noted above, soil organic carbon and 
microbial biomass are often strongly correlated. Thus, one plausible form of 
equation (10) can be written as:
Equation 11
݇ = ݇௥௘௙ ቆ
1
݉௚ + ݂ ௢௖݇௢௖
ቇ ݂ ௢௖
   ௡
where it has been assumed that Kd is perfectly correlated with foc (i.e. ܭௗ =
݂ ௢௖݇௢௖). Figure 6 shows example calculations with equation 11 for three 
hypothetical organic substances of varying koc values. It suggests that the 
competing effects of foc on bioavailability and microbial activity may result in 
an optimum soil organic carbon content for degradation. This optimum, foc(max),
can be derived by setting the derivative of equation (11) to zero. Assuming that 
the remaining parameters (e.g. mg) are independent of foc gives:
Equation 12
 ݂ ௢௖(୫ୟ୶) =
݉௚ ݊
(1 െ݊ )݇௢௖
If n < 1, which should be expected based on the non-linear relationship 
between soil organic carbon content and microbial biomass (Anderson & 
Domsch, 1989), then equation (12) shows that the optimum foc for degradation 
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shifts as koc changes, with foc(max) increasing as koc decreases. For the example 
illustrated in figure 6, foc(max) takes values of 0.03, 0.3 and 3% for the three 
hypothetical compounds with koc values of 1000, 100 and 10 cm
3 g
-1,
respectively. In most cases, only a small number of soils covering a limited 
range of organic carbon contents (predominantly agricultural topsoil with foc
varying from perhaps ca. 1 to 3%) have been studied, which implies that an 
optimum foc content for degradation rate constant may not be apparent in any 
one study. This is probably the reason why some studies have reported that 
degradation rate is positively correlated to foc whereas others reported that they 
are negatively correlated. In principle, the model should also be able to 
describe how k varies vertically within a soil profile, as a function of foc and 
Kd. In a comparative study of vertical variations of k for eight pesticides of 
contrasting properties, Di et al. (1998) found that degradation decreased with 
depth (and decreasing foc), except for the most strongly sorbing compounds 
where k actually increased with depth, a trend which is in qualitative agreement 
with the behavior predicted by the model, as illustrated in Figure 6 for 
compounds of low and high koc values.
Figure 6. The degradation rate constant predicted as a function of soil organic carbon content for 
pesticides of contrasting koc values, calculated with equation 11, for mg = 0.3 g g
-1, n = 0.5 and
kref = 1 L kg
-1 day
-1.The model approach was tested on data collected from literature. The
criteria for data inclusion were presented in Paper II. A search on ISI Web of 
Science, yielded 11 different studies that fulfilled our criteria ( Paper II, Table 
1), comprising in total 230 k values measured for 21 different pesticides. The 
characteristic spatial scale of the studies also varied greatly, from soil profiles 
(Si et al., 2009; Mueller et al., 1992), through field (Walker et al., 2001) and 
small catchment scales (Ghafoor et al., 2011) up to regional (Gaultier et al.,
2008a; Kah et al., 2007) and continental scales (Dyson et al., 2002). Five out 
of the 21 studies also measured microbial biomass by three different techniques 
(see Table 1 in Paper II). We tested the model on this limited subset of data 
using biomass directly as a predictor rather than surrogate variables, including 
an empirical exponent for additional model flexibility. Soil organic matter is 
known to be more stable in the subsoil, caused by the combined effects of 
poorer quality and better physical protection against degradation (Gillabel et
al., 2010). This means that the easily available substrate is a smaller fraction of 
the total soil organic carbon, which leads to a smaller fraction of active 
microbial biomass (Stenström et al., 2001). In addition, nutrient availability 
and oxygen supply may also be more limited in subsoil. Thus, we included soil 
depth as an additional variable into the models. We tested two ways of doing 
this, treating it either as a continuous variable (normalized to a reference depth, 
zr, which we set to 10 cm) or as a binary variable which takes a value of 1 for 
toSVRLOFPDQGIRUVXEVRLOFP%RWKDSSURDFKHVLPSURYHGPRGHO
performance, but models with depth defined as a continuous variable 
performed slightly better and were therefore retained.
Two basic models were therefore tested:
Equation 13
݇ = ݇௥௘௙ܨ௅
௠ ܯ௕
  ௡ ቀ
ݖ௥
ݖ
ቁ
௤
Equation 14
݇ = ݇௥௘௙ܨ௅
௠ ݂ ௢௖
  ௡ ݂ ௖௟௔௬
 ௣  ቀ
ݖ௥
ݖ
ቁ
௤
where an additional empirical exponent, m, was included as a modifier to
the bioavailability factor. The linearized form of equations 13 and 14 was fitted 
to the data using partial least-squares regression (PLSR). The main advantage 
of PLSR over simple multiple linear regression is that it explicitly handles 
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multi-collinearity in the predictors. We assumed that the exponents in 
equations 13 and 14 were identical for all pesticides and that only the reference 
degradation rate constants kref are pesticide and study specific. All statistical 
analyses were performed with R (R Development Core Team, 2011) and are 
described in detail in Paper II.
Results showed that including depth as an additional predictor variable gave 
a significant improvement (Figure 7), which supports the idea that the activity 
or efficiency of the microbial biomass decreases with depth in the soil profile. 
Validation statistics for selected models with different predictor combinations 
based on equations 13 and 14 are presented in Paper II. The performance of the 
model based on FL and foc for 21 pesticide-combinations is illustrated in Figure 
8.   
Figure 7. Comparison of measured and predicted degradation of 7 pesticide-study combinations 
for a model without depth (A) ܮ݋݃݇ = ܮ݋݃݇௥௘௙ + 0.343 ܮ݋݃ ܨ௅ +0 . 5 4 6   ܮ݋݃ ܤ݅݋݉ܽݏݏ  and for 
a model which includes depth as a predictor (B) ܮ݋݃݇ = ܮ݋݃݇௥௘௙ +0.441 ܮ݋݃ ܨ௅ +
0.385ܮ݋݃ ܤ݅݋݉ܽݏݏ െ 0.727 ܮ݋݃ ܦ݁݌ݐ݄஼௢௡௧௜௡௨௢௨௦   Figure 8. Comparison of measured and predicted degradation of 21 pesticide-study combinations 
with the model ܮ݋݃݇ = ܮ݋݃݇௥௘௙ + 0.252 ܮ݋݃ܨ௅ +0 . 3 1 5   ܮ݋݂݃ ௢௖ െ 0.415 ܮ݋݃ ܦ݁݌ݐ݄஼௢௡௧௜௡௨௢௨௦
In the paper II, the model was benchmarked for individual substances by 
analyzing whether it gave improved predictions compared to just taking the 
mean of the measurements (a ‘pure intercept’ model based only on kref), and 
showed that it did so for all except four of the pesticide-study combinations in 
the database. This is, by itself, sufficient justification for claiming that the 
approach is promising and clearly represents an improvement over current 
practice in spatial modelling, which is to use average values for k. Further, for 
the 15 compounds for which the model is found to work, the model reduced the 
RMSE from 0.26 for the pure intercept model to 0.20 (i.e. by 23%). For the 
limited dataset for which microbial biomass was measured (6 substances), the 
model reduced the overall RMSE by 31% (from 0.29 to 0.20). The equivalent 
figures for the R
2 values are increased by 25% and 83% respectively (from 
0.64 to 0.80 and 0.41 to 0.75 respectively). These results may appear to 
represent modest gains compared with the use of average values for k, but this 
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is not too surprising considering the many sources of uncertainty, especially 
the fact that the relationships between the active degrading biomass, total 
biomass and proxy variables such as clay content and organic matter content 
are likely to be quite variable. 
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5 Conclusions, recommendations and 
future research
5.1 Application of the new modelling approaches in practice
The results show that the koc concept is inadequate to describe sorption in soils 
with organic carbon contents less than ca. 2% and that a simple empirical 
extended partitioning model which also accounts for the effects of inorganic 
sorbents shows great promise. The choice of predictors may be based on 
mechanistic reasoning and the physico-chemical characteristics of the 
compound under consideration. The partitioning coefficients for individual 
compounds on inorganic sorbents could be estimated from literature meta-
analyses but their accurate determination probably requires sorption 
measurements made in subsoil, and these are less often reported. For spatial 
modelling applications, the predictor variables foc, fclay and pH are widely 
available in soil survey databases, while measurements of oxides of Al and Fe 
are not always reported. This emphasizes the need to measure and report 
contents of oxides of Al and Fe in soil surveys because my results show that 
small variations in the contents of oxides of Al and Fe can contribute to 
significant variations in pesticide sorption, especially for ionizable compounds.
From the meta-analysis of a literature data set comprising degradation rates 
measured for a wide range of substances in strongly contrasting soils, we can 
conclude that a general multiplicative model (equation 14) shows promise as 
an effective approach to predict degradation. Better models could probably be 
obtained by applying equation 14 to data on individual compounds, so that the 
exponents in the equation would then become compound-specific. This might 
be possible for a few widely studied pesticides (e.g. Fenner et al., 2007), but 
for many compounds the extensive literature data required to obtain 
statistically robust models will not be available. In the absence of such data, a 
general approach described in paper II (model 10 in Table 2) seems preferable to the use of single database values of k for large-scale modelling applications 
at catchment or regional scales. In this case, kref for any given compound could 
be estimated from existing databases if the values of the proxy variables for the 
soil samples on which the degradation rates were measured are either known or 
can be estimated within reasonable bounds. This should at least be the case for 
studies performed according to the regulatory guidelines devised by regulatory 
bodies such as OECD, SETAC or US-EPA that specify acceptable ranges for 
texture and organic carbon content of the test soils. The main uncertainty with 
this approach is likely to be the fact that k is only reported for a few soils.
5.2 Recommendations for future research 
The following aspects need to be further investigated and resolved in order to 
improve pesticide risk assessment and management, especially at large scales:
1. The models presented in this thesis can be further improved and 
tested. Specifically, the models were primarily based on measurements 
made on only three test compounds in the soils of one catchment. The 
general applicability of this modelling approach should be further 
evaluated for other classes of compounds in soils of other catchments 
under different agro-climatic conditions.  
2. Combining probabilistic modelling approaches (Lindahl et al., 2005; 
Beulke et al., 2004) with the sorption and degradation pedotransfer 
functions described in this thesis may provide a promising approach to 
incorporate spatial variability and uncertainty in the environmental 
risk assessment of pesticides. 
3. The spatial variability of pesticide fate as influenced by the effects of 
land management practices and topography on soil properties should 
be further studied in the context of large-scale modelling applications. 
For example Farenhorst et al. (2009) demonstrated that in an extreme 
scenario of replacing the 2,4-D Kd values of toeslope profiles (ranging 
from 0.16 to 1.77 L kg
í 1) by those measured in knoll profiles (ranging 
from 0.12 to 0.50 L kg
í 1) — the amount of herbicide leached to a 15 
cm depth increased by 29.1% under an actual rainfall scenario.
4. Subsoil is an important part of the pedosphere. For example, in clayey 
soils pesticides can leach quickly through the surface soil in 
macropores (Kjaer et al., 2005) and thus the sorption and degradation 
capacity in the subsurface soil layers becomes more important. 
Simulation studies suggest that risk assessments of pesticide leaching 
to depth require accurate data on sorption and degradation parameters 
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throughout the entire soil profile (Farenhorst et al., 2009). In principle,
the modelling approach developed in this thesis can also explain how 
sorption and degradation vary vertically within a soil profile, as a 
function of organic and inorganic soil constituents, FL and soil 
microbial biomass (or proxy variables such as foc). However, in field 
studies the sampling intensity is limited by financial resources so that 
pesticide sorption and degradation processes are much more frequently 
studied in surface soils than in subsurface soils. This was also true in 
my study. More work is therefore required to test the models in this 
respect. The issue of higher spatial variability of sorption and 
degradation in subsoil than that in surface soils was not tackled in this 
thesis and still needs further investigation. With respect to 
degradation, studies at the micro-scale in soil have revealed that the 
spatial distribution of microbial communities in subsoil is more 
variable than in surface soil (Nunan et al., 2001).
5. Generally speaking, most sorption and degradation studies are 
conducted under laboratory conditions. Such studies measured on 
GLVWXUEHG VRLO VDPSOHV PD\ SRRUO\ UHÀHFW WKH ORFDO HQYLURQPHQWDO
conditions experienced in undisturbed soil in the field. There is need 
to conduct more studies under field conditions. 
6. There exists a large discrepancy between the relatively small, 
“millimeter” scale at which environmental conditions directly 
LQÀXHQFHPLFURELDODFWLYLW\ and pesticide fate, and the much larger 
field, catchment, or regional scales at which management decisions are 
usually made by regulatory authorities or agencies. The scale of 
interest depends on the responsible authority or the end user. For 
example, most public authorities are interested in regional and national
scales and others may even be interested in continental scale risk 
assessment (e.g. in the EU). Farmers and extension advisors are
interested in the fate of pesticides at the field and farm scales. There is
therefore a need to develop risk assessment modelling tools that can 
account for larger scale variations occurring due to soil horizonation
vertically (decimeter to meter scale) and between soil mapping units 
laterally (meter and even larger scale).49
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